The source of NADPH-dependent cytosolic 3␤-hydroxysteroid dehydrogenase (3␤-HSD) activity is unknown to date. This important reaction leads e.g. to the reduction of the potent androgen 5␣-dihydrotestosterone (DHT) into inactive 3␤-androstanediol (3␤-Diol). Four human cytosolic aldo-keto reductases (AKR1C1-AKR1C4) are known to act as non-positional-specific 3␣-/ 17␤-/20␣-HSDs. We now demonstrate that AKR1Cs catalyze the reduction of DHT into both 3␣-and 3␤-Diol (established by 1 H NMR spectroscopy). The rates of 3␣-versus 3␤-Diol formation varied significantly among the isoforms, but with each enzyme both activities were equally inhibited by the nonsteroidal anti-inflammatory drug flufenamic acid. In vitro, AKR1Cs also expressed substantial 3␣[17␤]-hydroxysteroid oxidase activity with 3␣-Diol as the substrate. However, in contrast to the 3-ketosteroid reductase activity of the enzymes, their hydroxysteroid oxidase activity was potently inhibited by low micromolar concentrations of the opposing cofactor (NADPH). This indicates that in vivo all AKR1Cs will preferentially work as reductases. Human hepatoma (HepG2) cells (which lack 3␤-HSD/⌬ 5-4 ketosteroid isomerase mRNA expression, but express AKR1C1-AKR1C3) were able to convert DHT into 3␣-and 3␤-Diol. This conversion was inhibited by flufenamic acid establishing the in vivo significance of the 3␣/3␤-HSD activities of the AKR1C enzymes. Molecular docking simulations using available crystal structures of AKR1C1 and AKR1C2 demonstrated how 3␣/3␤-HSD activities are achieved. The observation that AKR1Cs are a source of 3␤-tetrahydrosteroids is of physiological significance because: (i) the formation of 3␤-Diol (in contrast to 3␣-Diol) is virtually irreversible, (ii) 3␤-Diol is a pro-apoptotic ligand for estrogen receptor ␤, and (iii) 3␤-tetrahydrosteroids act as ␥-aminobutyric acid type A receptor antagonists.
Two classes of 3␤-hydroxysteroids, i.e. the ⌬ 5 -3␤-hydroxysteroids and the fully saturated 3␤-tetrahydrosteroids, represent pivotal intermediates in steroid hormone metabolism. In steroidogenic glands, ⌬ 5 -3␤-hydroxysteroid precursors are converted into ⌬ 4 -3-ketosteroids to produce active steroid hormones (1, 2), whereas 3-ketosteroid reduction of 5␣/5␤-dihydrosteroids into 3␤-tetrahydrosteroids is an important catabolic step in steroid hormone transformation.
Human steroid hormone target tissues like the prostate express membrane attached and/or cytosolic 3␣-HSD 1 and 3␤-HSD activity (3) (4) (5) (6) (7) (8) (9) . One key example of the catabolic function of these HSDs is the 3-ketosteroid reduction of the potent androgen 5␣-dihydrotestosterone (DHT, 17␤-hydroxy-5␣-androstan-3-one) into the inactive androgens 5␣-androstane-3␣,17␤-diol (3␣-Diol; Fig. 1 ) and 5␣-androstane-3␤,17␤-diol (3␤-Diol) (10 -12) . In vivo, the formation of 3␤-Diol is virtually irreversible, whereas 3␣-Diol can be converted back to DHT via 3␣-hydroxysteroid oxidase activity (13) (14) (15) (16) (17) . Reformation of DHT from 3␤-Diol is prevented, because 3␤-Diol is either irreversibly hydroxylated at the C-6 and/or C-7 position or is oxidized to (epi)androsterone (13) (14) (15) (16) (17) (18) (19) (20) . 3␣-Diol and 3␤-Diol, once formed, are also glucuronidated and sulfated, leading to elimination of the androstanes into the circulation and their final excretion (21, 22) .
In humans, the irreversible NAD ϩ -dependent conversion of ⌬ 5 -3␤-hydroxysteroid into ⌬ 4 -3-ketosteroids is catalyzed by two members of the short chain dehydrogenase/reductase (SDR) family: the bifunctional 3␤-HSD/⌬ 5-4 ketosteroid isomerase (3␤-HSD/KSI) isoforms type 1 and type 2, which express 3␤-HSD and isomerase activity in a single protein (1, 2, 23) . Besides their essential role in the formation of active steroid hormones, the 3␤-HSD/KSI isoforms also catalyze the NAD(H)-dependent in vitro interconversion of 3-keto-and 3␤-hydroxy-5␣-androstanes (24, 25) . However, in vivo their directionality will be governed by the redox environment and, under normal cofactor ratios (were NAD ϩ dominates over NADH) (26, 27) , they will work preferentially as oxidases. Moreover, the 3␤-HSD/KSI isoforms are membrane-associated and, therefore, cannot be the source of the cytosolic NADPHdependent 3␤-HSDs in target tissues capable of producing 3␤-tetrahydrosteroids.
Proteins of two phylogenies catalyze the 3-ketosteroid reduction of 5␣/5␤-dihydrosteroids via 3␣-HSD activity: (i) four cytosolic enzymes of the AKR1C subfamily in the aldo-keto re-ductase (AKR) superfamily, i.e. 20␣[3␣]-HSD (AKR1C1), human 3␣-HSD type 3 (AKR1C2; also known as bile acidbinding protein), human 3␣-HSD type 2 (AKR1C3; also known as human 17␤-HSD type 5), and human 3␣-HSD type 1 (AKR1C4) (2) and (ii) five membrane-associated enzymes of the SDR family, i.e. 11-cis/9-cis-retinol dehydrogenase, retinol dehydrogenase type 4 (RoDH-4), "human RoDH" or RoDH-like 3␣-HSD, "novel type human microsomal 3␣-HSD" and short chain L-3-hydroxyacyl-CoA dehydrogenase (28 -33) .
Previously, AKR1C1-AKR1C4 have been shown to act as non-positional-specific 3␣-/17␤-/20␣-HSDs (34) . This means that in vitro these isoforms catalyzed the bi-directional interconversion of 3-ketosteroids and 3␣-hydroxysteroids, 17-ketosteroids, and 17␤-hydroxysteroids, as well as 20-ketosteroids and 20␣-hydroxysteroids to varying extents. However, their retention of stereo-specificity has not been addressed to date. Using more discriminating TLC systems than that previously utilized (34) , we now demonstrate for the first time that in vitro as well as in vivo AKR1C1-AKR1C4 catalyze the reduction of DHT not only into 3␣-Diol but also into 3␤-Diol. The ratio of reductive 3␣-HSD versus 3␤-HSD activity varied significantly among the isoforms in a way that AKR1C1 has to be considered as a 3␤-HSD with subsidiary 3␣-HSD activity, AKR1C2 as an efficient and an almost exclusive 3␣-HSD, AKR1C3 as a weak 3␣/3␤-HSD, and AKR1C4 as an efficient 3␣-HSD with subsidiary 3␤-HSD activity. Inhibition experiments using the nonsteroidal anti-inflammatory drug (NSAID) flufenamic acid (which acts as a competitive inhibitor) indicated that a single active site is responsible for the formation of the diastereomers. We provide evidence that in vivo all isoforms will work predominantly as reductases and show that 3␤-HSD activity of the AKR1C isoforms is biologically relevant in human hepatoma cells. Using available crystal structures of AKR1C1 and AKR1C2 (35) (36) (37) , we employed molecular docking to explain why the former functioned predominantly as a 3␤-HSD and the latter as a 3␣-HSD. Thus, the human AKR1C isozymes are both nonpositional and non-stereo-selective HSDs and represent a potential cytosolic source of 3␤-tetrahydrosteroids in target tissues such as prostate and brain.
EXPERIMENTAL PROCEDURES

Steroids and Chemicals-[4-
14 C]DHT (53.5 mCi/mmol) and the liquid scintillation mixture Ultima Gold TM were purchased from PerkinElmer Life Sciences. [4- C]3␤-androstanediol were synthesized enzymatically from [4- 14 C]DHT using recombinant AKR1C9 and recombinant AKR1C1, respectively. All unlabeled steroids were obtained from Steraloids (Wilton, NH). Flufenamic acid was purchased from ICN Biomedical Inc. (Aurora, OH). Deuterated chloroform (CDCl 3 , 99.9 atom % D) was obtained from Aldrich. Pyridine nucleotides were purchased from Roche Applied Science. TRIzol LS reagent, Superscript II preamplification system and oligonucleotide primers were obtained from Invitrogen. Human tissue RNA was purchased from BD Bioscience Clontech (Palo Alto, CA). All other reagents were of American Chemical Society grade or better.
Expression and Purification of Recombinant Human AKR1C Isoforms-Recombinant human AKR1C isoforms were overexpressed in Escherichia coli C41(DE3) host cells transformed with the inducible prokaryotic expression vectors pET-16b as described previously (38, 39) . Transformed cells were grown in cultures of LB media containing 100 g/ml ampicillin, and nontransformed control cells were grown in cultures of LB media without ampicillin. Upon reaching an A 600 of 0.6, isopropyl-1-thio-␤-D-galactopyranoside (1 mM) was added to induce enzyme expression overnight. Bacterial sonicates were prepared and aliquots were centrifuged for 1 h at 100,000 ϫ g and 4°C to obtain cytosolic enzyme preparations.
Recombinant enzymes were purified to homogeneity from the sonicates by sequential chromatography on a DE52 anion exchange and a Sepharose Blue column according to a previously described protocol (38) to yield enzymes of the following specific activities: 0.21 mol of androsterone (75 M) oxidized/min/mg (AKR1C4) and 2.1, 2.5, and 2.8 mol of 1-acenaphthenol (1 mM) oxidized/min/mg (AKR1C1, AKR1C2, and AKR1C3, respectively). Purity of the enzymes was verified by SDS-polyacrylamide gel electrophoresis, and protein concentration was determined (40) . The homogeneous enzymes were stored in aliquots at Ϫ80°C.
Radiometric Assays-Standard incubations were conducted in a final volume of 100 l containing 37.5 M unlabeled steroid and 3.75 M (0.02 Ci) amounts of the respective 4-14 C-labeled compound in 100 mM potassium phosphate buffer (pH 7.0) with 2.3 mM NADPH and 4% acetonitrile. Reactions were started by the addition of either 1 l of purified enzyme (5.0, 6.2, 5.8, 9.0, and 7.2 g of purified AKR1C1, AKR1C2, AKR1C3, AKR1C4, and AKR1C9, respectively) or 1 l of bacterial cytosol (containing 10.3, 4.7, 6.4, 5.5, and 8.1 g of cytosolic protein from AKR1C1, AKR1C2, AKR1C3, AKR1C4, and AKR1C9 transformed cells, respectively, or 8.6 g of cytosolic protein from nontransformed control cells) and incubated at 37°C. Reactions were ter-FIG. 1. Role of human AKR1C isoforms in androgen metabolism. Human AKR1C1-AKR1C4 are known to catalyze in vitro the bidirectional interconversion of 3-ketosteroids with 3␣-hydroxysteroids, as well as 17-ketosteroids with 17␤-hydroxysteroids.
minated by the addition of 500 l of ice-cold ethyl acetate and steroids extracted by continuous vortexing for 5 min. The organic phases were transferred into a glass tube, and the extraction step was repeated once. The combined organic phases were evaporated to complete dryness.
The dried extracts were redissolved in 40 l of ethyl acetate and applied to LK6D Silica TLC plates (Whatman Inc., Clifton, NJ). Remaining residues of the extracts were redissolved in 40 l of chloroform/ ethanol (35:15, v/v) containing 25 g each of nonradioactive reference steroids: androstanedione, DHT, androsterone, 3␣-Diol, and 3␤-Diol. Epiandrosterone was not used because it could not be separated from androsterone. The chloroform/ethanol mixtures were then applied to the LK6D Silica TLC plates on top of the corresponding first spot. The chromatograms were developed in chloroform/ethyl acetate (4:1, v/v) as follows: (i) the TLC plates were predeveloped three times until the solvent front reached 5, 8, and 12 mm above the origin, and (ii) the plates were fully developed twice. The TLC plates were completely dried between steps. Co-chromatographed reference steroids were stained by spraying with an acetic acid/sulfuric acid/anisaldehyde (100: 2:1, v/v/v) solution and heating. The amounts of substrate and products were quantified by scraping the corresponding silica gel sections into scintillation fluid. Radioactivity was counted as automatically quenchcorrected dpm with a TriCarb 2100 (Packard Instrument, PerkinElmer Life Sciences). The relative amount of each corresponding radioactive steroid was calculated as percentage of the total radioactivity recovered from a single TLC lane. Blank values were subtracted. For autoradiography analysis the TLC plates were exposed to x-ray film prior to scraping.
Determination of Steady State Kinetic Parameters-The k cat(app) values for DHT reduction catalyzed by the 3␣-HSD and 3␤-HSD activities of the AKR1C isoforms were calculated using the exact molecular weight of the AKR1C isoforms to convert specific enzyme activities obtained from time courses, which were followed radiometrically. K M values for the reduction of DHT were previously determined to range from 8.3 Ϯ 1.5 M (AKR1C4) to 80.6 Ϯ 28.8 M (AKR1C1) in radiometric assays (34) . In the assays performed here, the final substrate concentration was 41.25 M, which is the solubility limit of DHT in the incubation systems. Because saturation was not achieved for each isoform, k cat values were considered apparent values. Specific enzyme activities were calculated by determination of the tangents to the linear part of the exponential fit of the untransformed progress curve. Nonlinear curve fitting was performed with the Fig.P 14 C]DHT were evaporated to dryness under a gentle stream of nitrogen and redissolved in 40 l of acetonitrile. The steroid substrate was then added to a 1-ml incubation system containing 100 mM potassium phosphate buffer (pH 7.0) and 2.3 mM NADPH. The reaction was started by the addition of excess recombinant AKR1C9 (specific activity of 1.6 mol of androsterone (75 M) oxidized/ min/mg) (41) and monitored at 340 nm at 25°C until the predicted absorbance change in NADPH indicated that the entire substrate had been converted to 3␣-Diol. The reaction mixture was extracted five times with 2 ml of ethyl acetate, and the pooled extracts were dried over sodium sulfate and evaporated to complete dryness. The residues were redissolved twice in 200 l of ethyl acetate, and spotted on a 20 ϫ 20-cm TLC glass plate precoated with a 0.25-mm layer of silica gel. Chromatograms were developed in chloroform/ethyl acetate (4:1, v/v) as described above. [4- 14 C]3␣-Diol was isolated after identification of its position on the TLC plate by autoradiography and by comparison to an authentic reference standard. The steroid was eluted from the silica gel four times with 2 ml of ethyl acetate. The pooled extracts were dried over sodium sulfate, evaporated to complete dryness, and redissolved in acetonitrile to yield a stock solution of 0.375 nmol (0.02 Ci)/l. Recovery of label in [4- 14 C]3␣-Diol was 77.6%. The synthesis of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]3␤-Diol was conducted in an identical manner, but excess recombinant AKR1C1 was used as the catalyst and the reaction was conducted for 2 h at 37°C. A stock solution of 0.375 nmol (0.02 Ci)/l was obtained. Recovery of label in [4- 14 C]3␤-Diol was 67.3%.
Identification of 3␣-and 3␤-Diol as Products of AKR1C Reduction of DHT by NMR Analysis-To authenticate the identity of the 3␣/3␤-Diol products formed by the reduction of DHT via AKR1C enzymes, reactions were performed on a large scale. Metabolites were synthesized in a 100-ml system containing 100 mM potassium phosphate buffer (pH 7.0), 1 mM NADPH, and 100 M unlabeled DHT. The reaction was started by the addition of 1 ml of bacterial cytosol (10.3 mg of protein) from cells overexpressing AKR1C1 and incubated for 2 h at 37°C. Steroids were extracted twice with 100 ml of ethyl acetate and a third time with 50 ml of ethyl acetate. The pooled extracts were dried over sodium sulfate and evaporated to complete dryness. The residues were redissolved twice in 500 l of ethyl acetate, and spotted on two 20 ϫ 20-cm TLC glass plates precoated with a 0.25-mm layer of silica gel. 3␣-Diol and 3␤-Diol were isolated after development in chloroform/ethyl acetate (4:1, v/v) as described above. The steroid products were eluted from the corresponding silica gel fractions three times with 6 ml of ethyl acetate. The pooled elutes were dried over sodium sulfate, evaporated to complete dryness, and redissolved in 1 ml of CDCl 3 . The redissolved samples were again evaporated to complete dryness and redissolved in 1 ml of CDCl 3 .
1 H NMR (nuclear magnetic resonance) data were collected on a Varian Unity 500 Spectrometer operating at 500 MHz, using CDCl 3 as the solvent. Chemical shifts are reported relative to tetramethylsilane at 0.00 ppm with the residual signal of CDCl 3 serving as the secondary reference at 7.24 ppm.
Synthesis of AKR1C1-AKR1C4 Full-length Standard cDNAsStandard complementary DNA (cDNA) of AKR1C1-AKR1C4 was excised from the prokaryotic expression vectors pET-16b containing the respective cDNA clones (38) via digestion with XhoI and BglII. Digestion products were size-fractionated on a 1% agarose gel, and the respective cDNA bands were purified from the gel with the QIAquick gel extraction kit (Qiagen Inc., Valencia, CA). The procedure yielded full-length double-stranded cDNA of the isoforms with an additional 105-bp vector DNA at the 5Ј end of the leading strand.
RT-PCR Analyses-Total RNA was extracted from HepG2 cells using the TRIzol reagent. Reverse transcription (RT) of 1 g of total RNA with Superscript II reverse transcriptase was performed according to the protocol from the manufacturer. RT was performed at 42°C for 50 min and was terminated by denaturing the reverse transcriptase at 70°C for 15 min.
Polymerase chain reactions (PCRs) were conducted using 100 ng of HepG2 cDNA and human tissue cDNA samples, respectively. In a final volume of 50 l the PCR systems contained 2.5 units of Taq DNA polymerase (Promega Corp., Madison, WI), 2.5 mM MgCl 2 , 0.2 mM each dNTP, and 20 pmol of the respective oligonucleotide primers. In addition, the PCR systems for the amplification of AKR1C2, AKR1C4, and ␤-actin transcripts contained 2.5 l of dimethyl sulfoxide. To amplify the transcripts of the AKR1C isoforms, the ␤-actin housekeeping gene and the 3␤-HSD/KSI isoforms, oligonucleotide primers crossing intronexon boundaries were used as described (34, 42) . PCR was initiated by a 5-min denaturation step at 94°C. The isoform-specific oligonucleotide primers utilized for amplification of AKR1C1-AKR1C4 transcripts yielded PCR products of the same size of 590 bp. The PCR program for amplification of the AKR1C transcripts consisted of 30 cycles with a 45-s denaturation step at 94°C, followed by a 45-s annealing step (at 55°C for AKR1C4, 60°C for AKR1C1 and AKR1C3, or 62°C for AKR1C2) and a 2-min extension step at 72°C. The pair of oligonucleotide primers used for amplification of the ␤-actin transcript yielded a 838-bp PCR product. The respective PCR program consisted of 30 cycles with a 30-s denaturation step at 94°C, followed by a 60-s annealing step at 60°C and a 2-min extension step at 72°C. The pair of oligonucleotide primers utilized for amplification of the highly homologous 3␤-HSD/KSI transcripts detected both known human isozymes and gave the same amplified cDNA size of 790 bp in RT-PCR. The respective PCR program consisted of 35 cycles with a 45-s denaturation step at 94°C, followed by a 45-s annealing step at 64°C and a 2-min extension step at 72°C. A 10-min final extension step at 72°C completed all PCR protocols. The products were resolved on 2% agarose gels containing ethidium bromide and then visualized under ultraviolet light using the digital GDS-8000 UVP BioImaging System (UVP, Inc., Upland, CA).
Optical Density Analysis-Optical density analyses were carried out to determine the amount of AKR1C1-AKR1C4 products amplified from total HepG2 cDNA in comparison to the amount of PCR products amplified from 25, 2.5, or 0.25 ng of the respective authentic full-length standard cDNAs. PCR products were size-fractionated on 2% agarose gels and evaluated with the digital GDS-8000 UVP imaging system. Densitometric analysis of the appropriate bands and the background was performed using the Labworks TM software (UVP, Inc.). Linear regression analyses of the data (with the concentration of standard cDNA in the log scale) gave the approximate mRNA concentration in HepG2 cells.
Cell Culture Experiments-HepG2 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). Cells (4 ϫ 10 6 ) were maintained in 60-mm dishes at 37°C and 5% CO 2 containing 5 ml of Dulbecco's modified Eagle's medium supplemented with 500 units of penicillin, 500 units of streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum. To measure DHT metabolism, cells were incubated in 5 ml of fresh medium containing 10 M DHT (including 0.4 Ci [4-
14 C]DHT). In the inhibition experiments, an additional 100 M flufenamic acid was added. Aliquots (150 l) of the medium were withdrawn twice from each dish at 0, 1, 3, 6, and 9 h, diluted with 350 l of ice-cold H 2 O, and extracted twice with 2 ml of water-saturated ice-cold ethyl acetate. The extracts were dried. Redissolved extracts and nonradioactive reference steroids were applied to LK6D Silica TLC plates as described above. In this instance, chromatograms were developed three times in dichloromethane/diethyl ether (11:1, v/v) to gain complete separation of the reference standards. All cell incubations were performed in triplicate.
Molecular Docking Simulations-Simulations of DHT binding in the active sites of AKR1C1 and AKR1C2 were performed using the AutoDock program (version 3.0) (43) . Protein Data Bank (PDB) entries 1MRQ (37) and 1IHI (35) were used as the starting structures for the docking of the steroid into AKR1C1 and AKR1C2, respectively. Existing solvent molecules and steroid ligands were removed to generate docking targets containing one molecule of the respective enzyme and the NADP ϩ cofactor. Because the reaction of interest was the reduction of DHT, docking calculations were also performed using targets containing the reduced cofactor NADPH with either a planar (PDB entry 1AOE) or a bent nicotinamide ring (PDB entry 1HET) overlaid onto the NADP ϩ position. The coordinates of DHT were taken from the PDB entry 1D2S. The starting position of DHT for docking simulations was Ͼ40 Å away from the center of the steroid binding cavities. Docking computations were performed using the Lamarckian genetic algorithm and simulated annealing protocols. Each protocol consisted of 50 -200 runs, with each run producing a docked conformer. Cluster analysis was performed, which grouped the conformers with root mean square deviation in atomic positions of less than 1.0 Å into one cluster and ranked clusters by docking energy.
RESULTS
Reassessment of DHT Reduction Catalyzed by Human
AKR1C Isoforms-We have previously shown that human AKR1C1-AKR1C4 are non-positional-specific HSDs and display 3␣-, 17␤-, and 20␣-HSD activities in varying ratios (34) . To further address the substrate specificities of these isoforms, we developed an improved TLC system, which permitted the separation of authentic DHT, androstanedione, (epi)androsterone, 3␣-Diol, and 3␤-Diol (Fig. 2C) . Using this method, we observed that purified homogeneous recombinant AKR1C1-AKR1C4 generated two major products from the NADPH-dependent reduction of DHT. One product co-migrated with an authentic 3␣-Diol standard and the other with an authentic 3␤-Diol standard ( Fig. 2A) . In contrast to the human AKR1C isoforms, recombinant rat liver AKR1C9 generated only one product, co-migrating with the 3␣-Diol standard. To validate that the recombinant human proteins were responsible for the 3␣-as well as the 3␤-reaction and that the latter reaction was not the result of contaminating 3␤-HSD from the E. coli host cells, we showed that cytosolic preparations from untransformed E. coli host cells were incapable of catalyzing the reduction of DHT (Fig. 2B) . By contrast, cytosolic preparations from E. coli host cells transformed to overexpress the recombinant AKR1C isoforms showed time-dependent formation of 3␣-Diol and 3␤-Diol characteristic of the homogeneous recombinant AKR1C isoforms (Figs. 2B and 3) .
Structure Identity of 3␣-and 3␤-Diol Produced by AKR1C Activity-Further validation of the 3␣/3␤-HSD activities of the AKR1C isoforms involved 1 H NMR structural verification that the products of the AKR1C reactions were 3␣-and 3␤-Diol. The products were enzymatically prepared from 2.9 mg of DHT as described under "Experimental Procedures" using adequate amounts of a cytosolic preparation from E. coli host cells transformed with AKR1C1. AKR1C1 was used as the enzyme source because of its relatively high 3␤-HSD activity and the fact that it generated reasonable amounts of both 3␣-and 3␤-Diol without catalyzing the formation of additional DHT metabolites (Figs. 2 and 3) . Two DHT metabolites were isolated, a minor product of ϳ0.5 mg and a major product of ϳ1.8 mg. The 1 H NMR spectrum of the minor product exhibited the characteristic spectrum of an authentic 3␣-Diol standard (␦ 0.71 (s, 3H, CH 3 , C18), ␦ 0.77 (s, 3H, CH 3 , C19), ␦ 3.61 (t, 1H, 17␣, J ϭ 8.5), ␦ 4.02 (m, 1H, 3␤)). This spectrum showed separate resonances for the 17␣ proton, which was present as a triplet, and the 3␤-equatorial proton, which was present as a downfield collapsed multiplet (Fig. 4, A and B) . By contrast, the 1 H NMR spectrum of the major product resembled the characteristic spectrum of an authentic 3␤-Diol standard (␦ 0.71 (s, 3H, CH 3 , C18), ␦ 0.81 (s, 3H, CH 3 , C19), ␦ 3.59 -3.62 (m, 3␣-and 17␣-protons)). The multiplet for the 3␣-axial proton is upfield and superimposed upon the triplet for the 17␣ proton (Fig. 4, C and  D) , which is characteristic of the 3␣-axial proton.
Evidence That 3␣-and 3␤-Diol Formation Occurs at the Same Active Sites of the Human AKR1C Isoforms-To substantiate that 3␣-and 3␤-Diol formation occur at the same active site, we exploited our previous observation that AKR1C isoforms are potently and competitively inhibited by NSAIDs (44) . Therefore, the effects of increasing flufenamic acid concentrations on DHT reduction catalyzed by the various recombinant isoforms was investigated. Formation of both 3␣-Diol and of 3␤-Diol were equally sensitive to inhibition by the NSAID (Fig.  5) . The corresponding IC 50 values for the formation of 3␣-and 3␤-Diol were 9.2 and 10.9 M for AKR1C1, 5.3 and 14.3 M for AKR1C2, 6.9 and 7.9 M for AKR1C3, and 117.3 and 59.2 M for AKR1C4, respectively. These results are consistent with the two reactions occurring at the same active site of each of the AKR1C isoforms.
Isoform-specific Differences in DHT Reduction Catalyzed by Human AKR1C Isoforms-We observed notable differences in the time courses of 3␣-and 3␤-Diol formation catalyzed by the various AKR1C isoforms (Fig. 3) . AKR1C1 predominantly catalyzed the formation of 3␤-Diol, whereas AKR1C2 and AKR1C4 predominantly catalyzed the formation of 3␣-Diol. Conversion of 3␣-Diol into 3␤-Diol was observed with AKR1C4, once the reduction of DHT was complete. Purified AKR1C3 androstanedione (5␣-A), DHT, (epi)androsterone (Epi(A)), 3␤-Diol, and 3␣-Diol. Assays were performed as described under "Experimental Procedures," and chromatograms were exposed to x-ray film at Ϫ70°C for 24 h.
showed relatively low reductive activity toward DHT, in which the enzyme formed 3␣-and 3␤-Diol in almost equal amounts. The formation of trace amounts of androstanedione by AKR1C3 and of (epi)androsterone by AKR1C3 and AKR1C4 was also observed. This indicates (i) that DHT is also oxidized to androstanedione via 17␤-HSD activity of AKR1C3 using enzymegenerated NADP ϩ and (ii) that once AKR1C3 and AKR1C4 have reduced DHT to 3␣-and 3␤-Diol, the products can be oxidized to (epi)androsterone via 17␤-HSD activity of the enzymes using enzyme-generated NADP ϩ (see Fig. 1 ). We now report k cat(app) values and specific activities of the turnover of DHT by reductive 3␣-and 3␤-HSD activity of the AKR1C isoforms (Table I) . It is apparent from these values that AKR1C1 has a higher k cat(app) values for the formation of 3␤-Diol than for the formation of 3␣-Diol. The reverse is true for AKR1C2. Highest k cat(app) values for the formation of 3␣-Diol and 3␤-Diol were observed with AKR1C4, whereas lowest k cat(app) values were found with AKR1C3.
In conducting these studies, we found that we previously underestimated the kinetic constants for AKR1C2 (34) . Therefore, the k cat , K M , and k cat /K M values for this enzyme were reassessed radiometrically as well as spectrophotometrically by determination of the initial velocities at varying DHT concentrations from 1.6 to 41.25 M, yielding k cat and K M values and their standard errors of mean (45) . Spectrophotometric analyses were performed as described (34) [4- 14 C]3␣-Diol and [4-14 C]3␤-Diol as substrates, we determined whether AKR1C1-AKR1C4 displayed 3␣-and 3␤-hydroxysteroid oxidase activity. Substantial oxidative enzyme activity was observed for AKR1C2, AKR1C3, and AKR1C4 with 3␣-Diol as the substrate (Fig. 6A) , whereas only negligible activity was determined with 3␤-Diol (Fig. 6B) . AKR1C1 demonstrated only very low oxidative catalytic activity toward either substrate, despite its ability to form 3␤-Diol from DHT. Furthermore, the experiments showed that in vitro AKR1C2 and AKR1C4 acted as 3␣-hydroxysteroid oxidases catalyzing the conversion of 3␣-Diol to DHT. In contrast, AKR1C3 predominantly acts as 17␤-hydroxysteroid oxidase catalyzing the conversion of 3␣-Diol to androsterone. AKR1C2 and AKR1C4 also catalyzed the formation of trace amounts of (epi)androsterone from (3␤)3␣-Diol, whereas AKR1C3 also cat-
FIG. 4.
1 H NMR spectra of 3␣-and 3␤-Diol. A and C are the spectra of authentic 3␣-and 3␤-Diol standards, respectively. B and D are spectra of 3␣-and 3␤-Diol obtained from the reduction of DHT catalyzed recombinant AKR1C1 activity as described under "Experimental Procedures." The insets show the expanded regions for the 3␣-axial and the 3␤-equatorial protons. alyzed the formation of trace amounts of DHT from the Diols. This demonstrates that AKR1C2 and AKR1C4 display low 17␤-hydroxysteroid oxidase activity in addition to their 3-hydroxysteroid oxidase activity and that AKR1C3 displays low 3-hydroxysteroid oxidase activity in addition to its predominant 17␤-hydroxysteroid oxidase activity. Consequently, combined 3-hydroxysteroid oxidase and 17␤-hydroxysteroid oxidase activity of the isoforms resulted in the formation of some androstanedione from the Diols (Fig. 6 , and see Fig. 1 ). Interestingly, formation of 3␤-Diol was also observed when AKR1C4 was incubated with 3␣-Diol, suggesting that, in vitro, epimerization can occur via the DHT intermediate. A summary of the specific activities for 3␣/3␤-Diol oxidation catalyzed by the AKR1C isoforms is given in Table II . The estimated specific activities of the oxidative reactions (Table II) were not transformed into k cat(app) values, because the K M values for these reactions with saturating NAD ϩ as the cofactor could not be estimated.
Influence of the NADPH/NAD ϩ Ratio on the Oxidoreductase Activities of AKR1C Isoforms-A previous study demonstrated that, in vitro, the NAD ϩ -dependent 3␣-hydroxysteroid oxidase of AKR1C2 was potently inhibited by low micromolar NADPH concentrations, whereas its NADPH-dependent 3-ketosteroid reductase activity was not inhibited by the opposing cofactor NAD ϩ (46) . To determine whether the other AKR1C isoforms have similar properties, we investigated the influence of the NADPH/NAD ϩ ratio on (i) their in vitro 3-ketosteroid reductase activity using DHT as the substrate and (ii) their in vitro 3␣[17␤]-hydroxysteroid oxidase activity using 3␣-Diol as the substrate. NADPH-dependent 3-ketosteroid reductase activity of the enzymes was not inhibited by NAD ϩ , although in the inhibition experiment equal concentrations of the two cofactors were present ( Fig. 7A ; 1 mM NADPH plus 1 mM NAD ϩ final concentrations). On the other hand, NAD ϩ -dependent hydroxysteroid oxidase activity of the isoforms was potently inhibited by low micromolar concentrations of NADPH ( Fig. 7B ; 0.01 mM NADPH plus 1 mM NAD ϩ final concentrations).
Expression of AKR1C1-AKR1C4 and 3␤-HSD/KSI in HepG2
Cells-To determine the contribution of AKR1C isoforms on the reduction of DHT in vivo, we investigated their mRNA expression levels versus 3␤-HSD/KSI in the human HepG2 cell line. Using authentic full-length standard cDNA of AKR1C1-AKR1C4 as controls, we adjusted PCR conditions to achieve isoform specificity over 30 cycles (data not shown). Utilizing isoform-specific PCR methods reasonable mRNA expression of AKR1C1-AKR1C3 in HepG2 cells could be confirmed, whereas limited expression of AKR1C4 was found (Fig. 8, A and B) . Optical density analyses of the PCR products from 25, 2.5, or ) , and ratio of 3␣-Diol versus 3␤-Diol formation (ratio 3␣/3␤) were obtained from time-course analyses as described under "Experimental Procedures." 0.25 ng of full-length standard cDNAs were performed to yield standard curves. Those standard curves enabled the direct quantification of AKR1C1-AKR1C3 mRNA expression in total RNA extracts of HepG2 cells; AKR1C1 showed an expression of 4.9 ng, AKR1C2 of 0.46 ng, and AKR1C3 of 0.75 ng per g of total RNA.
Investigation of the mRNA expression of the two human 3␤-HSD/KSI isoforms in HepG2 cells in comparison to a variety of human tissues revealed no significant expression of either isoform in HepG2 cells (Fig. 8C) . This was the case although 35 cycles of PCR were performed in contrast to the 30 cycles for the amplification of the AKR1C isoforms.
Inhibition of the Time-dependent Reduction of DHT in HepG2
Cells by Flufenamic Acid-The fact that the human HepG2 cell line expresses significant amounts of AKR1C1-AKR1C3 mRNA but expresses neither 3␤-HSD/KSI isoform provides an optimal model to study the impact of the AKR1C isoforms on the in vivo metabolism of DHT. Time-dependent metabolism of DHT (10 M final concentrations) in HepG2 cell culture produced three major metabolites: 3␣-Diol, 3␤-Diol, and (epi)androsterone (Fig. 9, A and C) . The formation of 3␣-Diol and 3␤-Diol reflects the direct impact of 3-ketosteroid reductase activity of the AKR1C isoforms. The formation of (epi)androsterone reflects the combined effects of the 3-ketosteroid reductase activity of the AKR1C isoforms plus the oxidative activity of (an)other 17␤-HSD(s) (see Fig. 1 ). The role of AKR1C isoforms in DHT metabolism in HepG2 cells was verified by determining the inhibitory effects of flufenamic acid (100 M final concentration). A significant reduction of the formation of the three metabolites was observed when flufenamic acid was present (Fig. 9, B and D) . After 9 h, the formation of 3␣-Diol was reduced by 74.2%, the formation of 3␤-Diol by 57.5%, and the formation of (epi)androsterone by 50.4%. In contrast, in the presence of flufenamic acid, the formation of androstanedione from DHT via endogenous oxidative 17␤-HSD activity (see Fig. 1 ) was increased by 688%. This was the result of diminished 3-ketosteroid reductase activity of the AKR1C isozymes, which results in higher DHT concentrations for the other 17␤-HSD(s).
Molecular Docking Simulations of the Preferred Position of DHT in the Active
Sites of AKR1C1 and AKR1C2-To determine whether we could rationalize why AKR1C1 was predominantly a 3␤-HSD and AKR1C2 was a 3␣-HSD, we exploited the available crystal structures of these enzymes to perform molecular docking simulations. To validate the docking method, the positions of 20␣-hydroxyprogesterone in the AKR1C1-NADP ϩ -20␣-hydroxyprogesterone and ursodeoxycholate in the AKR1C2-NADP ϩ -ursodeoxycholate ternary complexes were reproduced by docking the steroid molecules into the targets containing the respective enzyme and NADP ϩ (starting positions Ͼ20 Å away). The root mean square deviations between the docked conformers and the position of the steroids in the crystal structures were 0.8 Å in AKR1C1 and 0.7 Å in AKR1C2. Docking simulations of DHT binding using targets containing three different cofactors (NADP ϩ , and planar or bent NADPH) produced similar clusters of docked conformers. This strongly suggests that the amino acid residues lining the steroid binding site exert a more important role in determining the binding orientation of the substrate than the oxidation state of the cofactor. The preferred docking orientation of DHT differed in the AKR1C1 and the AKR1C2 target structures (Fig. 10) . With AKR1C1, the conformers in the cluster with the lowest energy (found 83 times in 200 runs) represent a DHT binding mode that explains the formation of 3␤-Diol. The C3-ketone of DHT is in close proximity to the C4 of nicotinamide (3.8 Å) and the ␣-face of the steroid is directed to the 4-pro-R hydrogen. In contrast, a predominate DHT binding mode observed in AKR1C2 (94 times in 200 runs) depicts the positional arrangement between DHT and NADPH for the formation of 3␣-diol. The C3-ketone group is 3.6 Å away from the C4 of nicotinamide and the ␤-face of the steroid is directed to the 4-pro-R hydrogen. In summary, in AKR1C1 the A-ring of the steroid has swung relative to its position in AKR1C2 to permit inversion of the stereochemistry of hydride transfer.
DISCUSSION
To date, no enzyme has been assigned to account for the observed NADPH-dependent cytosolic formation of 3␤-tetrahydrosteroids. This reaction, which occurs in human androgen target and nontarget tissues, is of significance for the inactivation of DHT to 3␤-Diol (3, 5, 6, 8, 9) . Human AKR1C1-AKR1C4 isoforms are known to act as non-positional-specific 3␣-/17␤-/ 20␣-HSDs (34). We have now investigated whether these cytosolic HSDs would also act in a non-stereo-selective manner. Historically, HSDs were considered to catalyze the interconversion of ketone and hydroxyl groups on steroid hormones in a positional and stereo-specific manner (47) . Our study shows that the human AKR1C isoforms appear to violate both assumptions. We revealed that AKR1C isoforms reduce DHT into both 3␣-and 3␤-Diol and demonstrated the in vivo significance of this observations in HepG2 cells. Molecular docking simulations rationalized the differences in stereochemical preferences of AKR1C1 and AKR1C2.
3␤-HSD activity of recombinant AKR1C isoforms is not the result of residual or contaminating bacterial proteins that copurified with the human enzymes from the E. coli host. Cytosol from untransformed cells was incapable of catalyzing the reduction of DHT (Fig. 2B) , whereas cytosol from transformed host cells gave the same product profiles as the respective homogeneous recombinant enzymes (Fig. 3) . The identity of 3␣-and 3␤-Diol produced by the AKR1C isoforms was substantiated by 1 H NMR spectroscopy because their spectra were identical to authentic standards (Fig. 4) . The NSAID flufenamic acid (a known competitive inhibitor of AKR1C enzymes) (44) inhibited 3-ketosteroid reductase activity of all human isoforms in a concentration-dependent manner (Fig. 5) . Similar IC 50 values for the inhibition of reductive 3␣-and 3␤-HSD activity were observed, which is consistent with the two reactions oc- 14 C]3␤-Diol. Incubations were as follows: no enzyme controls (Co), 120 min; homogeneous recombinant AKR1C1, 120 min; AKR1C2, 120 min; AKR1C3, 120 min; and AKR1C4, 60 min. Panel C shows a photography of co-chromatographed and stained nonradioactive standards: androstanedione (5␣-A), DHT, (epi)androsterone (Epi(A)), 3␤-Diol and 3␣-Diol. Assays were performed as described under "Experimental Procedures," and chromatograms were exposed to x-ray film at Ϫ70°C for 24 h.
curring at the same active site of the AKR1C isoforms.
Time-course analyses of DHT reduction (Fig. 3 ) revealed distinct catalytic properties of the highly homologous isoforms, which were evident in k cat(app) values for the formation of 3␣-and 3␤-Diol (Table I) . Consequently, the ratios of reductive 3␣-HSD versus reductive 3␤-HSD activity varied significantly among the isoforms in such a manner that AKR1C1 has to be considered a 3␤-HSD with subsidiary 3␣-HSD activity, AKR1C2 is a strong almost exclusive 3␣-HSD, AKR1C3 is a weak dual active 3␣-and 3␤-HSD, and AKR1C4 is a strong 3␣-HSD with subsidiary 3␤-HSD activity.
It is apparent that previously published kinetic steady-state constants of the AKR1C isoforms for the reduction of DHT (34) were assigned to a combination of 3␣-HSD and 3␤-HSD activities. To compare those previous values with the present data, the k cat(app) values for the formation of 3␣-and 3␤-Diol (Table  I) (34) . However, the estimated total k cat(app) value of AKR1C2 was more than 1 order of magnitude higher than the previously determined k cat value (2.95 versus 0.23 min Ϫ1 ) (34) . Thus, we previously underestimated the kinetic constants for the reduction of DHT by AKR1C2. Therefore, the kinetic constants for this reaction were redetermined, and the results demonstrated that, when acting as 3-ketosteroid reductase, AKR1C2 is almost as efficient as AKR1C4 (34) .
A gradual epimerization of 3␣-Diol into 3␤-Diol via the DHT intermediate was observed when investigating AKR1C4 activity in vitro. This was observed when the reduction of DHT (Fig.  3D) or the oxidation of 3␣-Diol (Fig. 6A ) was studied. The observations reflect the enzymatic cycling of products. During the reduction of DHT enzymatically produced NADP ϩ can oxidize 3␣-Diol to yield DHT via 3␣-hydroxysteroid oxidase activity of AKR1C4. During the oxidation of 3␣-Diol, enzymatically produced NADH can reduce DHT via 3-ketosteroid reductase activity to yield 3␣-and 3␤-Diol. Consequently, the lack of substantial 3␤-hydroxysteroid oxidase activity in AKR1C4 leads to a slow epimerization of 3␣-Diol into 3␤-Diol over time. This in vitro phenomenon is equivalent to the one previously described for NAD(H)-dependent RoDH-like 3␣-HSD (32, 48) .
Examination of the oxidative activity of the isoforms showed that AKR1C1 is a poor 3-hydroxysteroid oxidase ( Fig. 6 ; Table  II ), indicating that the enzyme is not bidirectional even in vitro. AKR1C3 mainly acted as an efficient 17␤-hydroxysteroid oxidase, whereas AKR1C2 and AKR1C4 mainly acted as 3␣-hydroxysteroid oxidases. These data support previous findings on the 3␣[17␤]-hydroxysteroid oxidase activity of the enzymes (34, 49) . All enzymes demonstrated only very low 3␤-hydroxysteroid oxidase activity, which indicates a clear stereo-selectivity of AKR1C2, AKR1C3, and AKR1C4 for 3␣-hydroxysteroids in the oxidative direction.
The AKR1C isozymes worked efficiently either as NADPHdependent 3-ketosteroid reductases or as NAD (26, 27) . Therefore, the in vivo direction of the AKR1C enzymes will be dictated by the ratio of reductive and oxidative cofactors. Two previous studies demonstrated that, in transfected COS-1 and PC-3 cell lines, AKR1C2 worked exclusively as a 3-ketosteroid reductase (46, 50) . We showed that this is attributed to the fact that the NAD ϩ -dependent oxidation of 3␣-Diol by homogeneous recombinant AKR1C2 is markedly inhibited by low micromolar concentrations of NADPH (46) . Consequently, we determined the effect of opposing cofactors on the 3-ketosteroid reductase and 3␣[17␤]-hydroxysteroid oxidase activities of all AKR1C isoforms. The present data show that all AKR1C isoforms have their in vitro oxidase activity inhibited by low micromolar NADPH concentrations, whereas their in vitro reductase activity is not inhibited by NAD ϩ (Fig. 7) . The potent inhibition of the NAD ϩ -dependent oxidase reactions by low micromolar concentrations of NADPH suggests that in vivo the reductive activity will prevail unless the cellular redox balance is disturbed. Thus, AKR1C isoforms will reduce DHT to 3␣-and 3␤-Diol, but it is unlikely that the reverse reaction can occur in vivo.
The fact that, in vitro, the AKR1C enzymes showed 3␣-and 3␤-HSD activity raised the question whether these reactions also take place in vivo. HepG2 cells lack 3␤-HSD/KSI mRNA expression but express substantial amounts of AKR1C1-AKR1C3 mRNA (Fig. 8) . These cells were shown to reduce DHT into 3␣-and 3␤-Diol, and both reactions were inhibited by flufenamic acid (Fig. 9) , which clearly indicates that the reduction of DHT in HepG2 cells is AKR1C-dependent. Consequently, our results provide direct evidence for the in vivo significance of the 3␣/3␤-HSD activities of the AKR1C enzymes.
To explain why AKR1C1-AKR1C4 can invert their stereochemical preference and catalyze the formation of 3␣-as well as 3␤-hydroxysteroids structure function relationships were considered. In terms of DHT reduction, the striking catalytic differences between the exceptionally homologous AKR1C1 and AKR1C2 isoforms are of special interest. The proteins differ in total by seven amino acids, and only one amino acid in their binding pockets is different (Leu-54 in AKR1C1 is Val-54 in AKR1C2). The small divergence in the binding pocket was thought to explain previously known functional differences of the two enzymes in that AKR1C1 prefers reactions at the C20 position and has a K d for ursodeoxycholate 300-fold higher than AKR1C2 (35, 51) . The difference in the binding pocket must also explain why AKR1C1 reduces DHT predominantly to 3␤-Diol, whereas AKR1C2 catalyzes mainly the formation of 3␣-Diol. Crystal structures of AKR1C1 and AKR1C2 showed that the NADP(H) cofactor binds in a highly conserved site with the nicotinamide ring orientated so that the 4-pro-R hydrogen is always transferred from the A-face and its C4 position is locked relative to the catalytic tetrad (35) (36) (37) . Therefore, functional plasticity of the isoforms relies on binding the steroid substrates in different orientations.
Computational simulations of the docking of DHT into AKR1C1 and AKR1C2 elucidated important differences in the orientation of DHT in the active sites of the two enzymes. The results fully explain the observed differences in stereo-specificity of the two enzymes (Fig. 10) . The dimensions of the lateral chain of Leu-54/Val-54 dictate the preferred orientation of the steroid in the binding cavities. The preferred position of DHT docked into AKR1C2 is oriented for the 3␣-HSD reaction. Because of steric hindrance created by the bulky Leu-54 side chain, such an orientation is not permitted for AKR1C1. By contrast, the preferred position of DHT docked into AKR1C1 is oriented for the 3␤-HSD reaction because the A-ring of the steroid has swung to present its ␣-face to the nicotinamide ring for hydride transfer. In this position the 3␤-HSD reaction can occur because sufficient proximity is maintained between the C3-ketone and the residues of the catalytic tetrad.
Our findings reveal a new picture of the functions of the human AKR1C isoforms in steroid hormone metabolism and action. Identification of the enzyme(s) responsible for the formation of 3␤-tetrahydrosteroids was of special interest, because these steroids are not inert. 3␤-Diol is an endogenous ligand for the estrogen receptor ␤, exerting, e.g., anti-proliferative and apoptotic effects in prostate epithelial cells (52, 53) . AKR1C1 catalyzes the conversion of DHT mainly into 3␤-Diol. The enzyme is also known as human 20␣-HSD and catalyzes effectively the reductive inactivation of progesterone to yield 20␣-hydroxyprogesterone (34, 54) . One might speculate that the enzyme acts simultaneously as an activator of pro-apoptotic estrogenic cell responses and as an inactivator of proliferative progestogenic cell responses. Detailed analyses of the expression levels of AKR1C1 in steroid hormone-dependent diseases, e.g. benign prostatic hyperplasia, prostate cancer, endometriosis, endometrial cancer, and mammary carcinoma based on disease stage and nuclear receptor status, is now warranted.
AKR1C2 acts as a stereo-selective and highly efficient reductive 3␣-HSD. Therefore, the function of this enzyme may have to be redefined. Its function could well be the inactivation of DHT in peripheral tissues. A cytosolic enzyme responsible for the metabolic inactivation of DHT to prevent excessive activation of the cytosolic androgen receptor appears to be logical. For prereceptor regulation of steroid hormone action in androgen target tissues, AKR1C2 would work in an opposing direction to an SDR, which would furnish microsomal oxidative 3␣-HSD activity (55, 56) . This idea of an cytosolic reductive inactivating 3␣-HSD and an microsomal oxidative activating 3␣-HSD provides a switch for appropriate intracellular DHT concentrations to activate the androgen receptor. Down-regulation of AKR1C2 in androgen-dependent prostate cancer would be rational to achieve higher DHT concentrations, whereas unchanged or up-regulated expression of the enzyme would be rational to contribute to androgen-independent prostate cancer. In previous studies both trends were described (46, 50) , but neither of the two studies determined the androgen receptor status as a control for hormone dependence of the tumor.
AKR1C3 showed only weak 3-ketosteroid reductase activity. Consequently, it appears unlikely that the isoform plays a major role in 3-ketosteroid metabolism. However, the enzyme is also known as 17␤-HSD type 5 and exerts strong 17␤-HSD activity (34, 49, 57) . Consequently, it might instead function as a 17-ketosteroid reductase in peripheral steroid hormone target tissues catalyzing the intracrine activation of weak 17-ketosteroids into potent 17␤-hydroxysteroids, e.g. androstenedione into testosterone and estrone into 17␤-estradiol.
AKR1C4 is highly liver-specific, whereas mRNA expression of the other three isozymes was observed in a variety of human tissues displaying tissue-specific patterns (34) . The function of AKR1C4 is most likely the catabolic inactivation of circulating ⌬ 4 -3-ketosteroids in the liver. There, it works in concert with 5␣/5␤-reductases leading to the formation of 3␣-and 3␤-tetrahydrosteroids that are known to be glucuronidated or sulfated and finally eliminated (21, 22) . This hypothesis is corroborated by the present study, which demonstrates a lack of stereoselectivity of AKR1C4 in the reductive direction and irreversible epimerization of 3␣-to 3␤-Diol because of negligible oxidation of 3␤-Diol by AKR1C4. The epimerization of 3␣-tetrahydrosteroids via the 3-ketosteroid intermediates offers a new route to 3␤-tetrahydrosteroids and might provide an important pathway for irreversible conversion of circulating 3␣-Diol to yield complete catabolic inactivation of androgens in human liver.
The observed differences in stereo-selectivity of the AKR1C isoforms might also play an important role in the regulation of neuroactive tetrahydrosteroids. 3␣-Tetrahydrosteroids like allopregnanolone or 3␣-Diol are potent positive allosteric mediators of the ionotropic ␥-aminobutyric acid type A (GABA A ) receptor (58 -60) . As a consequence, they exhibit anesthetic, analgesic, anxiolytic, and anticonvulsant effects in a stereoselective manner. Their actions are not shared by the respective 3␤-diastereomers. Instead, 3␤-tetrahydrosteroids are potent antagonists of 3␣-tetrahydrosteroids at the GABA A receptor (61) (62) (63) (64) . AKR1C1-AKR1C3 are expressed in the human brain, and AKR1C2 is believed to be responsible for the intracrine formation of neuroactive 3␣-tetrahydrosteroids (65) (66) (67) (68) (69) (70) . The present study demonstrates that AKR1C1 has to be considered a possible source for the intracrine formation of 3␤-tetrahydrosteroids within the central nervous system.
